Purpose of review-The purpose of this review is to highlight the importance of telomeres, the mechanisms implicated in their maintenance, and their role in the etiology as well as the treatment of human esophageal cancer. We will also discuss the role of telomeres in the maintenance/ preservation of genomic integrity, the consequences of telomere dysfunction, and the various factors that may affect telomere health in esophageal tissue predisposing it to oncogenesis. Recent findings-There has been growing evidence that telomeres, which can be affected by various intrinsic and extrinsic factors, contribute to genomic instability, oncogenesis, as well as proliferation of cancer cells.
Introduction
DNA at each chromosome end is comprised of multiple nucleotide repeats of "TTAGGG". A number of proteins (including TRF1 and TRF2 (1)) interact with these repeats and play specific roles in the maintenance of chromosome ends. It has been proposed that the interaction of TRF2 with terminal "TTAGGG" repeats helps formation of a looped structure at each chromosome end (2) . The protective structure formed by association of "TTAGGG" repeats with specific proteins, at each chromosome end, is called a telomere. Telomeres protect chromosomes from degradation by nucleases and unscheduled or unnecessary intertelomeric recombination and/or fusion (3) . Telomeres, therefore, play a critical role in the maintenance of genomic integrity and the preservation of vital genetic information. In the normal cellular environment, the inability of replication machinery to completely synthesize telomeric DNA leads to a gradual shortening of telomeres with age (4, 5) . When telomeres shorten beyond a certain length the protective structure falls apart leading to complete or partial loss of the chromosome and subsequently the induction of cellular senescence and/or apoptotic death (6) (7) (8) (9) (10) (11) . Therefore, the length of telomeric DNA may influence the overall lifespan of a cell in culture and an organism in vivo (12) . Telomere shortening can also be expedited by various intrinsic or extrinsic factors which may induce damage to telomeric DNA (13) . Excessive telomere shortening is not only associated with reduced lifespan but also with genomic instability that can lead to oncogenesis (14) (15) (16) .
Telomeres, the DNA-protein complexes at chromosome ends, form a looped structure that caps the chromosomal DNA thus protecting it from degradation, allowing the recognition of DNA damage, and/or preventing interchromosomal fusion (17) . However, the length of telomeric DNA in most normal somatic cells shortens with each cell division. When telomere length in a cell reaches the critical length required to support its protective function, the cell undergoes growth arrest and replicative senescence and/or apoptosis (18) (19) (20) . Short and dysfunctional telomeres can also be recognized as DNA damage leading to p53-dependent apoptosis (21) . As a normal cellular process, telomeres undergo a gradual and progressive shortening with age thus limiting the replicative potential and lifespan of normal cells (22, 23) . Athough telomere length and the rate of its shortening may vary among different tissues in the body, telomere length negatively correlates with age (5, (22) (23) (24) (25) (26) . The rate of telomere shortening is also affected by various intrinsic and extrinsic factors including genetic and epigenetic signals, oxidative metabolites, environmental exposures, and individual lifestyle (23, (27) (28) (29) (30) (31) (32) (33) . For example, smoking, lack of exercise, and consumption of an unhealthy diet (marked by excessive fat and processed meats with the reduced intake of fruits, vegetables, fiber and antioxidants) can accelerate telomere shortening, which in turn can predispose to the early onset of a number of age-related health issues including heart disease, cancer, and reduced lifespan (15, 16, (34) (35) (36) (37) (38) (39) (40) (41) . In summary, telomeres preserve chromosomal integrity but shorten with age thus limiting the number of doublings a cell can go through in culture or in vivo. The lifespan of normal cells depends on telomere length and the rate of its shortening. Unhealthy diet and lifestyle can increase the rate of telomere shortening leading to early onset of age-associated diseases.
The progressive telomere shortening that occurs as a normal process in most somatic cells is prevented in the germ-line and in a subset of stem cells by telomerase, the enzyme that adds "TTAGGG" repeats to existing telomeres (42, 43) . Telomerase activity, which is absent or weakly detected in normal somatic cells, is elevated in the majority of immortal cells and cancer cells (44) (45) (46) . Telomerase is an enzyme with two distinct components, the protein or catalytic subunit (hTERT) and the RNA subunit (hTR), which carries the telomeric sequence information. The catalytic subunit of the enzyme copies telomeric sequences from the template hTR and reverse transcribes them for incorporation into telomeres (47) . Certain cancer cells and immortal cells do not have detectable telomerase activity and elongate their telomeres using an alternative mechanism known as the ALT (alternative lengthening of telomeres) pathway (48) . ALT can be defined as homologous recombination-mediated extension of telomeric DNA and requires the activity of several DNA repair and recombination proteins. Unlike telomerase positive cells, ALT cells have long heterogenous telomeres. Electron microscopy has revealed that the 3 single-stranded part of telomeric DNA undergoes looping and invasion into the adjacent double-stranded DNA. The process is similar to recombinase (RAD51)-mediated homologous pairing and the resulting structure has similarity with Holliday junctions. The invaded DNA strand in this structure is positioned for elongation by the homologous recombination, which is deregulated in cancer. In normal cellular environment homologous recombination is extremely precise and regulated and therefore does not extend telomeres. Moreover, there are mechanisms which prevent unschedualed or unnecessary recombination at telomeric sequences in normal cells; these mechanisms seem to be disrupted in ALT cells.
Shorter telomeres lead to the induction of replicative senescence and/or apoptosis (18, 20) . However, in the absence of p53 function or with similar defects in pathways leading to senescence and apoptosis, continued cell division may lead to the production of very short telomeres that contribute to genomic instability by mediating inter-chromosomal fusion (49, 50) , and may therefore initiate the carcinogenic process. Activation of mechanisms involved in telomere elongation and/or stabilization in cells with increased genomic instability provides unlimited proliferative potential contributing to development of cancer. BegusNahrmann et al. (14) have demonstrated that the induction of telomere dysfunction leads to genomic instability and the development of cancer in the presence of telomerase in vivo.
Data from other laboratories also indicate that severe telomere shortening or telomere dysfunction contributes to the development of cancer (49, 51, 52) . Individuals whose telomeres are shorter than the average telomere length for their corresponding age group have an increased risk for the development of cancers, including gastrointestinal cancers (36, 40) . Dyskeratosis congenita, a genetic disease in which a defect in telomere maintenance leads to excessive telomere shortening is associated with several age-related health problems including a predisposition to cancer and premature death (53, 54) . In summary, it seems that excessive or severe telomere shortening can potentially induce genomic instability thus increasing the risk of cancer.
There is growing evidence suggesting a role for telomerase beyond telomeres. As described above, telomerase has been implicated in DNA double strand break (DSB) repair within the genome. There are several interspersed telomeric repeats (ITRs) within our genome. These internal sequences may have evolutionary significance as some of these ITRs are absent in our early ancestors. It is thought that these sequences have been incorporated at sites of DNA breaks at different stages of evolution (55) . In cancer cells, simultaneous upregulation of telomerase activity and increased frequency of DSBs may lead to incorporation of "TTAGGG" sequences as part of the DSB repair mechanism. This may be somewhat similar to events during genomic evolution, leaving telomere sequences as scar marks at healed DSB sites. It is yet to be determined if incorporation of "TTAGGG" sequences in the genome involves synthesis of telomeric repeats by telomerase and/or telomeric recombination, which is also upregulated in several cancers. ITRs, however, are not very frequent even within cancer genomes indicating that there must be a natural mechanism to protect the genome from inadvertent addition of telomeric sequences. In yeast, the wellstudied protein Pif-1 has been shown to antagonize telomerase activity at telomeres as well as at DSB sites. Pif-1 is an evolutionarily conserved helicase that preferentially unwinds RNA-DNA hybrids and thus displaces telomerase from the telomere or from broken chromosomal ends (56, 57) . The relatively less studied human counterpart of yeast pif-1, hpif-1, has been shown to inhibit telomerase and shorten telomere length, however, it is yet to be confirmed if it also has role in inhibiting telomerase activity at DSB site outside telomeres. Interestingly, hpif-1 is found to be upregulated in esophageal cancer as well as other cancer cell lines tested by us (unpublished). The exact role of this upregulation, however, is not yet known. Although the significance of "TTAGGG" sequences in extratelomeric regions of the genome is not clear, these sequences could be used as landmarks to study genomic evolution in cancer or any other related disease where genomic instability is prevalent such as ataxia telangiectasia, Bloom syndrome, and Fanconi anemia.
Shorter telomeres are associated with esophageal cancer risk
Consistent with the role of telomere dysfunction in genomic instability (50) and carcinogenesis (52) , telomeres are shorter in the majority of cancer cells relative to corresponding control cells, whereas telomerase activity or the ability to elongate telomeres is elevated. A semi-quantitative study using quantitative fluorescent in situ hybridization (QFISH) in tissue sections showed that telomeres of certain chromosomes are shorter than normal, in Barrett's esophageal adenocarcinoma as well as in early Barrett's neoplastic lesions (58) . We have also shown that telomere length is shorter in primary Barrett's esophageal adenocarcinoma cells purified by laser capture microdissection (9) as compared to normal esophageal epithelial cells. Shorter telomeres have also been reported in esophageal squamous cell carcinoma, and in these cases, telomere shortening has been shown to associate with genomic instability (59) . Consistently, the shorter telomeres in precancerous lesions of esophageal carcinoma and other epithelial cancers have been shown to correlate with progression to cancer (60) . Other independent studies have also confirmed the association of shorter telomeres with the etiology of esophageal cancer. In a study in which telomere length was measured by quantitative PCR, short telomeres in the leukocytes of Barrett's esophagus patients with premalignant disease were significantly associated with progression to esophageal cancer (61) . Similarly, another study demonstrated that reduction of both the average telomere length as well the telomere length of chromosomes 17p and 12q as compared to control individuals were associated with a significantly elevated risk of esophageal cancer (62) . These studies indicate that excessive telomere shortening can potentially contribute to development and/or progression of esophageal cancer.
Impact of esophageal cancer risk factors on telomeres may contribute to the oncogenic process
Risk factors for esophageal cancer include exposure of esophageal tissue to acid (as a consequence of gastroesophageal reflux), tobacco smoke, alcohol consumption, unhealthy diet, and possibly hot liquids (63) . Since many of these factors are potentially DNA damaging, they may pose a special threat to telomeric DNA, which already undergoes shortening as a normal cellular process. Exposure of esophageal tissue to acid is particularly mutagenic. Data from our laboratory show that even a brief exposure to acid leads to a marked induction of homologous recombination activity and to RAD51 expression in human cells (64) . Acid exposure is probably the reason that certain types of mutations are observed at higher frequency in carcinomas of esophagus compared to other solid tumors (65) . Similarly cigarette smoke, which contains a number of DNA damaging carcinogenic agents, is associated with a dose-dependent increase in telomere length reduction (26, 36) . It has also been proposed that telomere length may indicate the extent of smoke-induced oxidative DNA damage (66) . Consumption of alcohol and an unhealthy diet are also associated with damage to DNA and telomeres. Genotoxic metabolites of alcohol (acetaldehyde) (67) as well as the consumption of certain foods or the use of certain food preparation methods can threaten telomeres and genomic integrity. For example, a negative correlation of telomere length with the intake of polyunsaturated fatty acids has been reported (68) . Although the consumption of very hot liquids does not appear to have a definitive association with telomere shortening, it has been indicated as a risk fatcor for esophageal squamous cell carcinoma. Nevertheless, since heat can lead to the production of abasic sites in DNA, consumption of hot liquids over a long time period may not only cause esophageal tissue injury but may also contribute to damage in genomic as well as telomeric DNA. Chronic inflammation, whether caused by these or other exposures, also has been linked to the carcinogenic process in many neoplastic and pre-neoplastic processes including Barrett's esophagus (69) . Inflammation is associated with production of reactive oxygen species and may therefore contribute to oncogenic process by compromising the stability of the genome and telomeres (70) . In summary, lifestyle and dietary factors may negatively impact telomere length in esophageal tissue contributing to etiology of cancer.
Telomere maintenance and DNA repair cooperate in conferring unlimited proliferative potential to esophageal cancer cells
We have found that inhibitors of homologous recombination (HR) reduce telomere length in telomerase positive Barrett's esophageal adenocarcinoma cells (71) . This suggests that recombinational repair is closely connected to telomere maintenance. Telomerase inhibition in esophageal cancer cells also causes induction of PML bodies, induction of H2AX phosphorylation, an increased number of DNA breaks as detected by comet assay, elevation of HR activity, and increased genomic instability as assessed by genome-wide SNP analyses. Genomic instability is further increased upon restriction endonuclease-induced DSBs in hTERT-knockdown BAC cells. These data indicate that telomerase is also involved in the repair of spontaneous and induced DNA breaks in esophageal cancer cells. The induction of HR and PML bodies seen following telomerase inhibition increases the possibility of telomere elongation through the ALT pathway. Consistent with this, Wu et al. (72) reported that treatment with a telomerase inhibitor was associated with increased levels of 53BP1 and -H2AX foci as well as an increase in the number and size of 53BP1 ionizing radiation-induced foci in esophageal cancer cells. These data indicate a close relationship between telomerase-mediated telomere maintenance and HR-mediated DNA repair in Barrett's esophageal cancer cells. Our data showing that a telomerase inhibitor impacts DNA repair as well as telomere length suggests that this strategy might be utilized as a means of sensitizing tumor cells to radiotherapy, and we are currently exploring this idea.
Telomere maintenance mechanisms as therapeutic targets in esophageal cancer
Expression of telomerase, both the catalytic subunit (hTERT) and the RNA component (hTR), has been shown to be elevated in Barrett's esophagus and even further elevated in high grade dysplasia and esophageal adenocarcinoma (46, 73) . These studies indicate that telomerase is activated in esophageal cancer and thus maintains telomere length, providing unlimited proliferative potential to these cancer cells.
Investigating epithelial cells purified from esophagi by laser capture microdissection (LCM), we demonstrated that telomerase activity is elevated in Barrett's adenocarcinoma (BAC), whereas telomeres are shorter (9) . These data identified telomerase as a promising target in BAC (9) . We have pre-clinically evaluated different classes of telomerase inhibitors including G-quadruplex intercalating agents (6, 8, 74) , oligonucleotides targeting the catalytic subunit of telomerase (9, 75) , and siRNAs targeting the RNA component of telomerase (7) in esophageal as well as other cancer cells. We have shown that telomerase inhibition induces senescence and apoptosis in cancer cells. Besides telomere maintenance, telomerase also seems to play a role in the repair of DNA breaks. As reported by Wu et al. (72) , treatment with a telomerase inhibitor was associated with increased levels of 53BP1 and increased -H2AX foci as well as increased ionizing radiation-induced number and size of 53BP1 foci in esophageal cancer cells.
Data from our laboratory show that RAD51, which is important in both telomere maintenance and genomic instability, is upregulated in BAC (64) . Consistently, the homologous recombination (HR) activity is also elevated in BAC as well as other cancer and immortal cells (64, 76, 77) . Inhibition of telomerase in BAC further stimulates the HR pathway contributing to the maintenance of telomere length and proliferation (71) . Consistently, simultaneous inhibition of the telomerase and HR pathways is more effective in the prevention of telomere maintenance and growth of BAC tumors in mice (71) .
In summary, telomere maintenance mechanisms, telomerase itself, and HR have been identified as promising targets in BAC. A therapeutic strategy targeting both telomerase and HR has the potential to inhibit proliferation and prevent tumor growth in esophageal cancer and probably other malignancies.
Conclusions
It has been demonstrated that telomeres are shorter than normal in precancerous lesions of the esophagus as well as other sites. The association of these short telomeres with genomic instability and progression to cancer indicates that excessive telomere shortening contributes to etiology of esophageal cancer. Lifestyle factors such as alcohol consumption, consumption of very hot liquids, an unhealthy diet, and factors that may cause or worsen acid reflux have the potential to expose esophageal tissue to genotoxic agents having the potential to expedite telomere erosion. Although telomeres are shorter in esophageal cancer, telomerase is activated providing unlimited proliferation potential to esophageal cancer cells. Homologous recombination, which is involved in the alternate pathway of telomere maintenance as well as genomic instability, is also elevated in Barrett's associated esophageal adenocarcinoma cells and contributes to telomere stabilization. There is also evidence that both the telomerase and homologous recombination pathways contribute to telomere maintenance, DNA repair, and survival of esophageal cancer cells indicating that telomere maintenance mechanisms may be a potential therapeutic target for Barrett's associated adenocarcinoma and probably other cancers (Figure 1) . 71 indicating that telomerase has a role in DNA repair. Telomerase inhibition leads to gradual telomere shortening and apoptosis. (C) Suppression of both telomerase and HR expedite telomere erosion and apoptosis in these cells 71 .
